A brief overview is presented of the progress made during the past few years on the general structure of local models of particle physics from string theory including: moduli stabilisation, supersymmetry breaking, global embedding in compact Calabi-Yau compactifications and potential cosmological implications. Type IIB D-brane constructions and the Large Volume Scenario (LVS) are discussed in some detail emphasising the recent achievements and the main open questions.
Addressing all of these issues has kept the string phenomenology community busy for several decades now. Partial success has been achieved on each of the points but not for all of them at the same time in particular classes of models. This list can be seen as a guideline for the present overview. Notice that in string theory, contrary to field theoretical model building, if a model fails with one of the above requirements it has to be ruled out.
The prospect of obtaining a proper ultraviolet complete extension of the Standard Model (SM) not only justifies efforts in this direction but provides for the first time a well defined alternative to the traditional bottom-up approach to model building beyond the SM that has very limited guidelines beyond experiment and that is currently being under pressure by the LHC results so far.
In order to address these issues, several approaches have been followed. Ideally the first attempts are to try as much as possible to extract 'generic model independent implications of string theory. Regarding the general string predictions relevant for our universe (see for instance the discussion in [2] ) we can mention only very few :
• Gravity + dilaton + antisymmetric tensors + gauge fields + matter.
• Supersymmetry (SUSY) (with 32, 16 or less supercharges, but breaking scale not fixed).
• Extra dimensions (6 or 7) (flat, small, large or warped).
• No (massless) continuous spin representations (CSR) in perturbative string theory.
These have to be compared with general model independent field theoretical predictions which are also very few (identity of particles, existence of antiparticles, relation between spin statistics, the CPT theorem and the running of physical couplings with energy, following the renormalisation group (RG) equations). The 4th prediction above is relatively less known [3] , it essentially states the fact that in perturbative string theory massive and massless representations of the Poincare group are linked to each other and since the massive representations are finite dimensional the same should be true for the massless representations, forbidding then the continuous spin representations 1 . Notice that being massless they could have been relevant at low energies and perturbative string theory indicates that they should not exist at least as perturbative string states, an statement consistent with all observations that has no clear explanation otherwise.
Having stated the general properties of string models we may concentrate on their general 4-dimensional implications. The most promising compactifications have N = 1 SUSY that guarantees stability and chirality in the spectrum. The generic properties of 4D string compactifications are:
1. Moduli: gravitationally-coupled scalar fields that usually measure size and shape of extra dimensions. They are massless as long as supersymmetry is unbroken.
2. Antisymmetric tensors of different ranks implying the generic existence of axions, the possibility of turning on their fluxes in the extra dimensions and the generic appearance of branes that couple to these antisymmetric tensors and may even host the Standard Model.
3. Absence of continuous global symmetries outside those Peccei-Quinn symmetries associated to antisymmetric tensors. Contrary to standard field theories (without gravity) string theory does not allow exact continuous global symmetries [5] .
4. Matter appears on low dimensional group representations: (bifundamentals, symmetric, antisymmetric, adjoints).
5. If the 4D theory has SUSY broken at the TeV scale the moduli tend to receive a mass of an order similar to the soft terms, implying the Cosmological Moduli Problem (CMP) ( they overclose the universe or ruin nucleosynthesis upon late decay unless the mass of all the moduli can be made m > 10 TeV).
These generic predictions are very powerful and can be used to study general 'string inspired' scenarios to try to make contact with observations but are clearly not enough for a proper phenomenology and we have to consider concrete ways to explicitly build models. Over the years, two general classes of models have been studied.
• Global string models: 10D string theory compactified on 6D manifold. Gauge and matter fields in 4D come from gauge multiplets in 10D.
• Local string models: Standard model lives on a D-brane localised in some point in the extra dimensions.
The global models are essentially the heterotic models in which the gauge symmetry is already present in the 10-dimensional theory and upon compactification it may lead to chiral string models. Local models are essentially the type II string models in which the gauge and matter fields are localised on D-branes. The extreme case could be the Standard Model localised on a D3 brane which is just a point in the extra dimensions. This allows to separate the physics questions between the questions that can be addressed only by how the Standard Model fits inside the D-brane and the global questions that do depend on the full structure of the six or seven extra dimensions. This is known in the string literature as the 'bottom-up' approach to string model building. The bottom-up approach is simply a systematic way to organise the challenge of realistic string model building. It is midway between traditional field theoretical model building and fully-fledged string constructions. Since the challenges are so big, it makes the search for realistic models more manageable asking a set of questions at the time and follow a modular approach to model building 2 . In contrast in global models such as the heterotic string all the physics questions have to be addressed at once. Heterotic models have other advantages such as starting already with a unified group like E 6 . Local models at the end have to be fully embedded into a complete compactification that is not straightforward. Both approaches have been followed with different amounts of success. Over the years the main obstacles for realistic string model building have been, more than getting precisely the Standard Model spectrum at low energies, the stabilisation of moduli (which otherwise would source unobserved long-range interactions) and supersymmetry breaking. These are the questions that we will address next.
Local Questions Global Questions

Moduli Stabilisation
This model independent sector for string compactifications is usually composed of the following fields: The axio-dilaton S, the complex structure moduli or size of the non-trivial 3-cycles U a and the Kähler moduli measuring the size of the non-trivial 4 and 2 cycles: T i . Being scalar fields, their vevs have to be specified dynamically. The simplest supersymmetric compactifications leave them unspecified. The effective field theory depending on the Kähler potential K, superpotential W and gauge kinetic function f are such that the corresponding scalar potential is flat and here the SUSY non-renormalisation theorems protect the flatness of their potential perturbatively. Therefore there are limited sources of their scalar potential:
1. Fluxes of Antisymmetric tensors to generate a non-vanishing tree-level superpotential.
2. Non-perturbative corrections to the superpotential W .
3. Perturbative (and non-perturbative) corrections to the Kähler potential K in both α and string-loop expansions.
Induced D-terms.
We will use all of them 3 . Fluxes are usually complicated to deal with and it took many years before people learned to manage them [7, 8] . The main reason is that they tend to change the structure of the compact manifold in such a way that there is no much mathematical understanding on the compactification manifold. Fortunately the case of IIB compactifications is such that the manifold after flux compactifications is conformal to the well studied Calabi-Yau manifolds and this is one of the main reasons these compactifications have attracted much attention in the past decade. This is just a computational rather than conceptual advantage and from string dualities we know all other string compactifications should lead to similar physics once the technical aspects are sorted out. Since the spectrum of IIB supergravity has two 3-index antisymmetric tensors, fluxes on 3-cycles are able to fix all the U a fields and the axio-dilaton through a flux superpotential W 0 (S, U ). Naively the fluxes of a three form field strength H 3 tend to fix the size U of a three-cycle γ by the quantisation condition γ H 3 = 2πn, this effect is captured in the EFT by the flux superpotential W 0 (U, S) 4 .The perturbative superpotential cannot depend on the T fields since their imaginary components are axion-like fields having a perturbative Peccei-Quinn shift symmetry: ImT i → ImT i +c i and the holomorphicity of W would then not allow dependence on the full superfield T i . Therefore they can only appear in W through non-perturbative effects.
in which the A i may be functions of other moduli or even matter fields. Combining this with the flux superpotential gives the full W = W 0 + W np which combined with the corrections to K are able to fix all moduli. This has been done in practice for only a handful of models.
The scalar potential derived from the general N = 1 supergravity expression V = V F + V D , with:
where K IJ is the inverse of the Kähler metric K IJ = ∂ I ∂J K and
Kähler covariant derivative. The D-term part of the salar potential is:
3 Notice that the simplest constructions in which all these effects are neglected are not viable since neglecting all these effects is either inconsistent or very non-generic (setting by hand all fluxes to zero for instance). It is good news that including all available sources lead to more realistic physics. 4 More explicitly the flux superpotential takes the form G 3 ∧ Ω where G 3 = H 3 + iSF 3 with H 3 , F 3 the two 3-form field strengths of the two stringy 2-form potentials. Here Ω is the unique (3, 0) form that exists for every CY manifold. Expanding Ω in a basis of three-forms generates a superpotential dependence on the U a fields.
where ξ F I ∼ ∂K/∂T are the (misnamed) field-dependent Fayet-Iliopoulos terms, only present for abelian groups, Φ a matter field transforming under the corresponding gauge group and T are the corresponding generators (charges in the case of a U (1)). Gauge indices suppressed. Concentrating on the moduli dependence, the typical shape of the moduli scalar potential takes the form:
Here τ = ReT represents a typical T modulus, with V the overall volume (function of the T fields) and the potential is meant to be seen as an expansion in large volume, where the effective field theory treatment is justified. In this case the first terms in parentheses are of order 1/V 2 and being positive definite they have to vanish at the minimum, imposing D S W = D a W = 0 and therefore fixing S and U a generically. This in turn fix the values of W 0 at the minima which is a huge distribution of values but mostly fitting in the range 0.1 ≤ |W 0 | ≤ 100. The second parentheses is not positive definite and depending on the signs of the coefficients A, B, C it gives a minimum for the Kähler moduli T . In particular the sign of C depends on the sign of the Euler number of the Calabi-Yau manifold, by mirror symmetry half of them have negative Euler number and then positive C implying a minimum at volumes of order
Implying an exponentially large volume. This gives rise to the LARGE volume scenario or LVS [9] . For very particular values of W 0 , the large number of solutions allows for a few of them to satisfy |W 0 | 1. In this case W 0 can be tuned so that W 0 ∼ W np ∼ e −aτ so the term proportional to C can be neglected and a minimum can be found for τ . This is essentially the KKLT scenario [10] . But for generic values of W 0 only the LVS works. It has been shown that this holds as long as the number of 3-cycles is larger than the number of 4-cycles and both greater than one (h 12 > h 11 > 1) which is satisfied for half of the CY manifolds by mirror symmetry. The second condition is the existence of at least one collapsible 4-cycle which is the generic case.
In both KKLT and LVS the position of the minimum is at negative values of V F so leading to AdS vacua. The main difference is that in KKLT this minimum is supersymmetric (D T W = 0) but in LVS supersymmetry is broken. They both have small parameters in which to base the approximate effective theory, 1/V for LVS and W 0 for KKLT. Notice that we have not yet used the D-term part of the scalar potential. This is more model dependent since it depends on charged matter fields for which we need to specify the concrete model. Being positive definite it will tend to uplift the minimum found from purely V F [11] . However for KKLT there is a strong restriction, since the minimum is supersymmetric, it means all F -terms vanish which in turn imply that the D-terms have to vanish. In LVS D-terms can lift the minimum opening the possibility of leading to de Sitter space. But this is very model dependent and there is a need to have a full global compactification with all matter fields to make a proper study. This will be addressed later on in this article.
Another way to uplift the minimum to de Sitter was proposed in KKLT by introducing anti D3 branes at the tip of a warped region in the compact manifold. This provides a positive contribution to the vacuum energy given by the warped brane tension and an explicit supersymmetry breaking source. The effective field theory is more complicated to handle since it leaves the regime of validity of N = 1 supergravity. For LVS this is also an option but D-terms (and matter F -terms) provide a more promising avenue to obtain de Sitter within a purely supersymmetric effective action 5 .
In LVS there is a clear hierarchy of scales shown in the table below.
Relevant Physical Scales in LVS Physical scale
Volume dependence Planck mass
Kaluza-Klein scale
Gravitino mass
Notice that a clear bound for W 0 is |W 0 | V 1/3 in order to have a proper hierarchy (M KK m 3/2 ) and guarantee the consistent use of an effective field theory to describe the physical implications of the scenario (an even stronger bound is |W 0 | 1/6 guarantees the effective potential being smaller than M 4 KK ) [9, 13] . Also even though the gravitino mass is supposed to set the scale of all particles that receive a mass after SUSY breaking, all moduli S, U a and most of T i receive a mass of the order of the gravitino mass, however the overall volume modulus has a mass much lighter and remains small after quantum effects even though it is not protected by supersymmetry [36] . Furthermore, in some Calabi-Yau manifolds which happen to be fibrations of 4D manifolds such as K3, the corresponding modulus does not receive a mass until loop effects are taken into account and therefore their mass is even smaller than that of the volume modulus
Some general properties of LVS:
• Stability. Even though the overall minimum is locally stable the fact that even the AdS vacuum is not supersymmetric makes it subject to non-perturbative instabilities, such as bubble of nothing decay. This was studied in [14] . As long as the effective field theory is valid the AdS minimum is stable and no indication to a bubble of nothing decay. This leads to the possibility of having a CFT dual and therefore a proper non-perturbative 5 For other interesting proposals to obtain de Sitter from purely supersymmetric EFTs see [12] .
description of these vacua despite being non-supersymmetric. The dS minima are clearly metastable and the decay rate goes like Γ ∼ e −V 3 . The probability to decay to an AdS minimum is preferred over a dS as a ratio P dS /P adS ∼ e −V whereas its decay towards the 10D decompactification vacuum (V → ∞) is further suppressed P dec /P dS ∼ e −V 2 . Clearly the larger the volume the more stable the vacuum.
• Bounds on the volume. However the volume cannot be arbitrarily large since for values V ∼ 10 30 the string scale becomes smaller than the TeV scale, also beyond V ∼ 10 15 the gravitino mass (and usually soft terms) will be smaller than the TeV scale. Finally for volumes V ≥ 10 9 the volume modulus becomes lighter than 10 TeV which would lead to the cosmological moduli problem (CMP). Smaller volumes 10 3 < V ≥ 10 8 are consistent and survive overclosing (with the larger volumes being the more stable from the previous item) but still imply a special cosmological role for the volume modulus (or any lighter one in particular cases). This modulus is the latest to decay and its decay would be the source of reheating of the observable universe leading to interesting post-inflationary cosmology (see for instance [18] ).
• Inflation. The three terms in the second parentheses for V F hint at a concrete realisation of inflation. Assuming the volume is already at its minimum value, the potential for τ is precisely of the form A−Be −x for large values of τ which is one of the preferred inflationary potentials for a canonically normalised inflaton field x. In order to achieve this concretely at least three T i fields are required which is very generic in string compactifications. Loop corrections may destabilise the flatness of the potential during inflation. A more elaborated and stable under quantum corrections model of inflation has been proposed in which the inflaton is a fibre modulus. For this scenario the spectral index and tensor to scalar ratio r ∼ 10 −3 falls just in the preferred Planck regime (see [16] for a recent overview). However, if the recent results from BICEP are confirmed r ∼ O(0.1) then these scenarios are ruled out by experiment. An example on how string scenarios can be predictive and contrasted with experiment. The string scenarios consistent with BICEP: N-flation, axion monodromy and Wilson line inflation [17] can be embedded in the LVS. More work in this direction is needed.
• Axions. There are plenty of axions in string compactifications, many can survive at low energies but some do not. In LVS it is clear that the axion partners of the dilaton and Kähler moduli stabilised by non-perturbative effects acquire a mass of order the gravitino mass. Other axions are eaten by anomalous U (1)s by the Stuckelberg mechanism. But some survive at very low energies, in particular the axion partner of the volume modulus is essentially massless after moduli stabilisation and may have some implications for late time cosmology. In particular contributong to dark radiation. Also axions coming from phases of matter fields may survive low energies but are more model dependent (see [19] for a recent overall review on stringy axions).
Before finishing this section let us also mention the progress made in other string compactifications. In heterotic strings despite many efforts there is no yet a compelling scenario for stabilisation of all moduli. Substantial progress has been made in the past few years to stabilise most of them. Contrary to IIB strings that have two 3-index antisymmetric tensors to turn on, in the heterotic there is only one and so fluxes are not as efficient as they are in IIB strings. The number of equations and unknowns is similar leaving no room for a landscape and no mechanism to solve the cosmological constant problem. Furthermore they move the model away from the Calabi-Yau spaces. Yet, since heterotic strings carry a large gauge group already before compactification, this introduces new moduli (called 'bundle moduli') that can actually help to fix the complex structure moduli by consistency gauge conditions that have to be satisfied. Nonperturbative effects still can fix the Kähler moduli, similar to the IIB case. Clearly further progress is expected in this direction since for realistic model building heterotic models are probably the most developed.
G2-holonomy manifolds compactifications of the 11D supergravity limit of M-theory have been studied also. There is no explicit model of particle physics from these compactifications which need much more mathematical developments although they are also clearly local models also. For moduli stabilisation there are interesting properties that can be extracted without entering into details. In particular all moduli are similar to the T moduli of type IIB, making the moduli stabilisation issue easier to define. Fluxes are not an option in this formalism and therefore the full superpotential is non-perturbative. A superpotential of the form W = ij A i e −a ij T j has been proposed with the potential to fix all T fields. The general properties of this scenario have been summarised in [27] .
Supersymmetry Breaking
The breaking of supersymmetry is intimately related to moduli stabilisation. This explains that only after a well defined framework for moduli stabilisation it was possible to extract information about supersymmetry breaking in string theory. Progress in moduli stabilisation eventually extends to progress in supersymmetry breaking. Contrary to moduli stabilisation in which to large extent the location of the standard model can be ignored, here it is fundamental. In IIB local models the standard model can be inside a D3 brane at a singular point in the extra dimensions or at a D7 brane wrapping a 4-cycle of the extra dimensions. Other odd dimensional branes are dual to these and even dimensional branes would appear in the IIA case. What we can see from both LVS and KKLT 6 is that both the S and U a fields do not break 6 For KKLT even though the source of SUSY breaking is the uplift by anti D3 branes a very interesting scenario supersymmetry at leading order since they are fixed by the condition
An important information is regarding the contribution to supersymmetry breaking of the cycle where the standard model lives on the D7 brane case. On the D3 brane case this may also be thought as a collapsed 4-cycle. The point is the following. In any brane sector where there is chiral matter, the corresponding T modulus, measuring the size of the 4-cycle that the D7 brane is wrapping, acquires a charge under an anomalous U (1). Therefore it is not possible to have a term of the form W np = Ae −aT SM in the superpotential in which A is a constant, since this term would not be gauge invariant. Therefore whenever a dependence on T appears it has to come together with a dependence of A on charged matter fields that compensate the gauge variation of T SM . This makes it very difficult to stabilise T SM by the LVS or KKLT methods since the SM fields are supposed to have zero vev at the high scales (otherwise they may induce colour breaking for instance). Let us call this the BMP constraint [28] . As long as one of the moduli T h from a hidden sector (in which chirality is not required) appears in W np = Ae −aT h with constant (or only moduli dependent) A the LVS minimum is obtained. The T SM cycle may be fixed by D-terms or even by loop corrections to V . Some general properties of SUSY breaking in LVS are
1. The source of SUSY breaking is well identified coming from generic values of the 3-form fluxes for which D S W = D a W = 0 but W 0 = 0 and the F -term of the Kähler moduli is non-vanishing. This is major difference as compared to KKLT in which before uplifting SUSY is not broken and its breaking is fully determined by the anti-D3 brane that performs the uplift. In LVS the uplift can be done in different ways but even if the anti-brane is added, its contribution to soft terms is usually negligible.
2. The existence of the landscape allows for the first time to address simultaneously the cosmological constant and the hierarchy problems. This justifies the standard strong assumption that has been made over the years regarding the use of low-energy SUSY to address the hierarchy problem: that something else takes care of the cosmological constant problem and has no direct influence on the calculation of soft SUSY breaking terms (good ). But, by the nature of the landscape, it prevents us to find new physical phenomena at low energies determined by the cosmological constant (bad ). It also opens the possibility to use anthropic arguments to address the hierarchy problem (ugly).
3. SUSY is broken by the Kähler moduli which do not enter in the tree-level matter superpotential, therefore as long as Kähler and complex structure moduli do not mix (true at tree-level Kähler potential) then flavour problems, generic for gravity mediation, are ameliorated [21, 29] . The correct estimate on how much flavour violation is induced by quantum corrections mixing the moduli is an open question.
called mirage mediation has emerged with interesting phenomenological implications [20] .
The dominant source of SUSY breaking in the EFT is the F-term of the volume modulus.
But this gives rise, to leading order, a no-scale model with vanishing soft terms. Therefore next order corrections are relevant. In order to explicitly compute the soft terms requires knowledge of the F-term of the cycle that hosts the SM. If its F-term vanishes (to avoid the BMP obstruction) then soft terms can be very much suppressed (M 1/2 ∼ O(m 3/2 /V)).
Otherwise they are proportional to the gravitino mass up to a small loop factor. We list the different scenarios in the table below. Notice that if we use a TeV gravitino mass, it would select one of the first two scenarios. The second one needs a strong fine-tuning in W 0 in order to simultaneously obtain the unification and SUSY breaking scales at the preferred values. The first one does not need the tuning at the cost of lowering the unification scale. Both suffer from the cosmological moduli problem (CMP). If we use the avoidance of this problem as the selection criterion then the last three scenarios are preferred. The first one of those gives up a natural explanation of the TeV scale. The last two are sequestered scenarios in which the F term of the SM modulus vanishes to avoid the BMP obstruction. Sequestered scenarios may be subject to modifications due to quantum corrections and at the moment only models in which the SM is at D3 branes at singularities seem to remain truly sequestered. If so then both TeV SUSY breaking and the preferred GUT scale can be obtained without the CMP. 
SUSY Breaking Scenarios in LVS
The intermediate scale scenario and the tuned GUT scenario have been studied in the past with some detail [21] . Despite the fact that they both have the CMP the soft terms can be calculated in a more explicit way since the dominant contribution comes from the F -term of the SM cycle. The generic GUT scale scenario has not been studied in detail since the superpartners are much heavier than the TeV scale and no hope to be detected not even in the long term. This scenario however realises explicitly the large SUSY scale proposals recently discussed [22, 23] in which the hierarchy problem is not solved by low-energy supersymmetry but fits with the measured value of the Higgs mass. The two sequestered scenarios proposed in [24] are very interesting because they both have the preferred GUT scale while at the same time superpartners have the TeV scale that solve the hierarchy problem. However since the SM cycle does not break SUSY then the explicit expressions for the soft terms are difficult to compute since they are small compared to the gravitino mass and they are more model dependent. In particular they depend on the uplifting mechanism which gives negligible contributions in the other scenarios. Therefore these scenarios have not been studied in detail. See however [25] .
Local and Global Model Building
One of the implications of the LVS is that the standard model has to be localised. The reason is that if it lives on a D7 brane wrapping a four-cycle, this cycle cannot be the one dominating the volume, since the volume is exponentially large and the gauge coupling of the gauge theory living on the brane is inversely proportional to the size of the cycle g −2 SM ∼ ReT SM and would generically be too small to fit realistic values O(20) expected at the GUT scale. Therefore either the SM lives on a D7 brane wrapping a small cycle or at a D3 at a singularity. In both cases it is localised. This provides an independent argument to consider local string models in IIB compactifications. Notice that local F-theory models can be seen as strong-coupling generalisations of magnetised D7 brane models and in principle also fit with this analysis.
We will restrict here to local models at singularities (for a more comprehensive discussion see the nice review [30] in which both local F-theory models and branes at singularities are reviewed). An argument to justify this selection is the following. Since the SM is chiral the corresponding modulus T SM is usually charged under anomalous U (1) groups on the brane. This has two important implications, first as mentioned before there is the BMP obstruction to fix T SM from nonperturbative effects. Second the corresponding U (1) group has a Fayet-Iliopoulos (FI) term ξ ∝ ReT . The corresponding D-term potential This argument is however not a proof that the SM has to live at a singularity since there are two ways out: the FI term is model dependent and usually is a linear combination of moduli fields. There may be a way to engineer the models so that these combinations vanish with nonvanishing fields (see for instance [39] ). Furthermore the soft terms contributions to the matter fields φ i may be tachyonic and then φ i = 0 at the minimum. Local models of D-branes at singularities have been studied over the years [32, 33, 34] . But it is only until very recently that they have been systematically embedded in compact Calabi-Yau compactifications including moduli stabilisation [37] (see also [38] ).
Let us start with the fully local constructions first and discuss the global embedding later. The gauge theory of branes at singularities can be described by quiver diagrams with nodes and arrows, node i represents n i D-branes implying a group U (n i ) and arrows going from the i node to the j node represents a bifundamental (n i ,n j ). Usually a closed loop in a quiver represents a gauge invariant superpotential term although the precise structure of the superpotential needs further techniques based on dimer diagrams that we will not discuss here [34] . A simple example is provided by the Z 3 singularity with a triangular quiver and three arrows connecting the nodes. Choosing n i = n j guarantees an anomaly free model (except for an anomalous U (1) that become massive from the Stuckelberg mechanism) which can be easily evaluated by counting the number of arrows coming in and out each node which should match for anomalies to be canceled. We show in the figure the simplest of these cases including the SM which corresponds to n i = 3 and is precisely the trinification model SU (3)
3 with three families. 
which is actually three families of 27s of E 6 . This simple orbifold singularity is actually the simplest of a very special class of singularities called del Pezzo n or dP n singularities. These singularities are actually collapsed del Pezzo surfaces which are four-dimensional surfaces (which in our case are four-cycles inside a Calabi-Yau space). These are defined as the complex 2-dimensional projective space P 2 blow up at n points with n = 0, 1 · · · 8. The Z 3 singularity corresponds to dP 0 . The special property of the del Pezzo surfaces is that they are the simplest 4-cycles that can collapse to a single point in a Calabi-Yau manifold. The quiver diagrams and superpotential couplings have been uncovered on the past years. Leading to phenomenological considerations. The corresponding quiver diagrams have n+3 nodes. For instance the next case, the dP 1 singularity has a square quiver. Furthermore given a vev to a bifundamental between two quivers merge the two nodes into one and reproduces the dP 0 case. This can be interpreted geometrically as the fact that dP n has n + 1 non-trivial 2-cycles and the higgsing corresponds to an independent collapse of one of these cycles.
Other more general classes of singularities have been studied (called toric singularities) that provide a large number of local string models with chiral matter content.
Some of the general properties of these local models are the following:
• The gauge coupling at the singularity is given at tree level by the vev of the dilaton field S so there is unification without necessarily having a simple GUT group. The gauge group is usually a product of simple groups. This avoids the standard problem of D-brane models for which having simple GUT groups leads to vanishing top Yukawas (which has been the main argument to consider F-theory models). Top Yukawas are easily generated if the groups are not simple.
• The maximum number of families (arrows) happens to be three, which is the one observed in nature. However starting with a complicated enough quiver and by higgsing more (but not many) families may be obtained.
• There is always one zero eigenvalue in the spectrum. In the case of dP 0 the massive states have eigenvalues (M, M, 0) where the mass M is determined by the vev of the low-energy Higgs field. Having two families degenerated and one massless is not realistic. However all other dP n s with three families have eigenvalues (M, m, 0) with m M which have the proper hierarchy observed in nature. Quantum effects are expected to lift the zeroeigenvalue although this is not straightforward [?].
• Apart from the overall U (1) that can be simply decoupled, there are two anomalous U (1)s that obtain their mass by the Stuckelberg mechanism.
The rest of the physics has to be extracted in a model by model case. A large increase on the number of these models comes from the possibility to add D7 branes to each configuration. These allow for many more choices of integers n i (for instance in dP 0 we can have (n 1 , n 2 , n 3 ) = (1, 2, 3) giving the SM gauge group from D3 branes times a hidden or flavour symmetry coming from the D7 branes which cancel the anomalies). The number of D7 branes is restricted by tadpole cancellations which usually are equivalent with anomaly cancellation. This enhance substantially the number of realistic models at singularities.
Quasi realistic models including the SM gauge and matter fields as well as proper Yukawas, CKM and PMNS mixings, proton stability, and unification have been constructed using D3/D7s at singularities. In particular dP 3 models have proved to be manageable enough and at the same time rich enough to address the flavour questions [34] . The issue of gauge coupling unification in these models is no much if there is unification (up to small thresholds as usual) which is automatically achieved but knowing that the gauge couplings are unified how do they evolve to low energies. Since usually the matter content of the models is not just that of the MSSM then the success of the MSSM for gauge unification would be most probably an accident in this class of models (for good or for bad as in most string constructions). Achieving the right values of the couplings at low energies is not easy. There is one simple local model that stands out in this regard. This is the one based on (n 1 , n 2 , n 3 ) = (3, 2, 2, ) giving rise to a left-right symmetric model 
The extra matter content together with the fact that the hypercharge normalisation is not standard combine in a way that there is unification with a similar level of precision as the MSSM. The unification scale though is intermediate 10 11 GeV approximately [31, 32] . In order to get realistic Yukawas this model can be embedded into higher dP n s. This model built from both D3s and D7s and the trinification model built from only D3s are examples of very simple quasi-realistic chiral models. But being purely local they cannot be called string vacua, since in their construction compactification was not considered. In order to become honest-to-God string compactifications the corresponding singularity has to be embedded in a compact Calabi-Yau manifold (to preserve supersymmetry and chirality). Actually starting from IIB string theory and compactifying on a CY manifold leads to N = 2 supersymmetry and then non-chiral models. The missing ingredient is orientifolding. This is essentially a Z 2 twist of the CY compactification exploiting the fact that the worldsheet theory is orientable and has a Z 2 symmetry. It is well known that combining this twist with a CY compactification leads to chiral N = 1 theory in 4D.
A concrete way to embed local singularity models in fully-fledged CY compactifications was outlined in [36] . The idea is to look for CY compactifications with at least three dP n surfaces. Two of them map to each other under the Z 2 orientifold twist, where the SM would live and a third one to provide the non-perturbative correction to the superpotential. A fourth 4-cycle (not a dP n ) will be the one dominating the volume. This is the minimum set-up. In the figure below we illustrate it. In the past 2 years concrete realisations of these models were achieved [37] . The details are too technical for this review but it is worth emphasising the main points:
1. A classification of Calabi-Yau manifolds constructed as hypersurfaces from toric varieties is available from the work of Kreuzer and Skarke [35] . From this large class of models a classification of those with a relatively small number of Kähler moduli (4 and 5) to fulfill the requirements. This gives a few thousand models of which a couple of hundred have dP n surfaces mapped into each other under a Z 2 (illustrated in the figure) 2. A configuration of D3 and D7 branes as well as orientifold planes (fixed under orientifold action) is introduced satisfying a highly non-trivial set of consistency conditions: tadpole cancellations (local and global) for all D-brane charges, cancellation of the so-called FreedWitten anomalies that appear in the presence of fluxes, K-theory charges, etc.
3. The set-up allows for the SM to be hosted at the singularities on the dP n 's mapped into each other. Realising globally the local examples mentioned before.
4. Furthermore, the conditions for moduli stabilisation are realised with non-perturbative superpotential generated at the third dP n cycle (either by Euclidean D3 branes or gaugino condensation.
5. The modulus corresponding to the SM cycle is stabilised by D-terms in a way that it is naturally stabilised at zero and therefore in the singularity regime. This part of the potential takes the form is clear that as long as the soft masses for matter fields φ are non-tachyonic this fixes the minimum (at leading order ) at φ = 0 and ξ F I = 0 since both terms in the potential are positive definite. This is only leading order since these terms are of order 1/V 2 so small vevs are generated that compete with next order in 1/V expansion which is the 1/V 3 that precisely gives rise to the LVS. These, together with the F-term of the matter fields φ end up contributing a term of order δV = cW 2 0 /V α with 1 ≤ α < 3 and c > 0. This term uplifts the LVS minimum to higher values including de Sitter space and the superpotential can be tuned to give an almost Minkowski vacuum. Notice that this tuning of W 0 is easy to achieve knowing that the large number of complex structure moduli allows for order 10
500
solutions for values of W 0 in the small range 0.1 < W 0 < 10 3 .
6. Having such explicit CY compactifications allows also to explicitly solve the complex structure and dilaton equations D U W = D s W = 0. However technically this is a huge number of solutions and it has not been done for fluxes in all the 3-cycles. Nevertheless some CYs admit enough discrete symmetries that allow to fix most of the complex structure moduli and only using fluxes in a handful of them. This has been done recently in [40, 41] . Then we have for the first time a global CY compactification [41] with quasi-realistic visible sector including the SM, with all geometric moduli stabilised leading to de Sitter space using a fully supersymmetric EFT. Supersymmetry broken with computable soft terms.
As a non-trivial check of 'phenomenological consistency' the local LR symmetric model sketched before for a dP 0 singularity has an interesting phenomenological property: having the LR spectrum plus three pairs of Higgses, together with the normalisation of the hypercharge gives precise unification at an intermediate scale 10 11 GeV with an accuracy similar to that one for the MSSM.
However from the global realisation, both the unification scale and the value of the coupling at unification should be outputs of the dynamics of the global model after moduli stabilisation. It is in fact remarkable that for the global realisation of this model the volume is found to be of order V ∼ 10 12 and the gauge coupling (dilaton vev) precisely of the value that fits with the unification. Two completely independent calculations give rise the same physical quantities (see the second reference in [37] for details). Rather than emphasising the qualities of this model (that has other phenomenological problems regarding flavour and the CMP) this illustrates the challenge for any other attempt to achieve unification including moduli stabilisation.
Open Questions
Clearly local models have passed a threshold in the sense that there are now explicit local chiral models that have been properly embedded in a global compactification including moduli stabilisation and realistic values of physical scales, including de Sitter space from a fully supersymmetric effective field theory and computable soft SUSY breaking terms. This is already impressive progress and a sign of a healthy field that has evolved over the years with continuous progress. Still obtaining a fully realistic model is an open question.
On more concrete open questions: Embed the most realistic local models in a global compactification, such as those based on dP 3 or even higher dP n including a successful inflation scenario. Also in cosmology, address in detail post-inflationary cosmological issues such as reheating, dark matter and baryogenesis and implement them in explicit models.
Determining dynamically the symmetry breaking pattern that leads to the SM is a next step after geometric moduli stabilisation, that is moduli stabilisation in the open string sector. On SUSY breaking, study in detail all the different scenarios including phenomenological observables at reach at LHC and potential future colliders. In particular the sequestered scenarios [25] . An important challenge is to make consistent the large string and gravitino scale hinted by BICEP with TeV soft terms. The experimental inputs are becoming more and more useful to allow sculpting string scenarios that include all main observational constraints.
Regarding more calculation developments, next order corrections to the EFT are needed. In particular quantum corrections to the Kähler potential for the moduli and matter fields. This is crucial to obtain reliable soft terms, including contributions to non-universality. Also, compute α corrections to moduli Kähler potential in F-theory compactifications to explicitly realise LVS in those models. Finally it would be interesting to identify CFT duals of the AdS compactifications to provide them a proper non-perturbative definition and also a stringy understanding of these scenarios beyond EFT would be desirable.
A key point to keep in mind is to try identify potential observables that can put classes of models to test. The dark radiation issue raised recently is a good example. It has led to put strong constraints on hidden sector models that would give too large an effect but also to identify a cosmic axion background (CAB) with potential observable effects manifested as X-ray excess in galaxy clusters [42] . Similar ideas have been put forward in the past regarding the potential of observing cosmic strings motivated by the way to end brane inflation, etc. These observable effects are very rare and difficult to identify but worth pursuing. Also, potential discoveries in the recent future by LHC, Planck and other CMB experiments, on dark matter, axions searches, etc. should give us guidelines as to how to restrict or identify realistic string models. We may get lucky one of these days.
